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Abstract—The hydrolytic stability of calcium and magnesium phosphates in aqueous solutions was studied in a
wide pH range and in the presence of NaCl and CacCl, electrolytes: calcium hydrogen phosphate and tricalcium
phosphate are stable at pH 4.5-10.0, and hydroxyapatite, at pH 3.0-12.0. An increase in the ratio of the solution
volume to the weight of phosphates from 250 to 500 mL/g leads to an increase in the degree of hydrolysis by a
factor of 1.4-1.9. In the presence of 0.01 M NaCl and 0.001 M CacCl,, all samples exhibit high hydrolytic stability,
and an increase in concentration to 1.0 M NaCl and 0.01 M CacCl, results in deprotonization of hydrophosphate
ions and the transformation of magnesium phosphates to calcium phosphates.
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Sorption is a widely used technology for the removal
of heavy metals and radionuclides due to simplicity,
efficiency and low cost [1]. An important place among
the sorbents used is occurred by a group of phosphate
sorbents, including calcium and magnesium phosphates,
which are characterized by extremely high capacity and
selectivity in the adsorption of heavy metal ions and
radionuclides [2—4]. The advantage of these sorbents
is environmental safety, as well as the possibility
of producing from natural minerals and renewable
resources [5, 6].

The hydrolytic properties of calcium and magnesium
phosphates must be considered when immobilizing
radionuclides into phosphate matrices for safe disposal
[7]. The behavior of hydroxyapatite in solution is
described by various models thattake into account the side
processes of dissolution of the solid phase, complexation
in the solution and on the surface of the solid phase, and
the proceeding of phase transformations. The direction
of these reactions can change significantly depending
on the chemical composition of the phosphate, particle
morphology, surface state [8, 9].

The hydrolytic stability of sorbents based on calcium
and magnesium phosphates was practically not studied.

607

Previously, the relationship between the solubility
of various calcium and magnesium phosphates and
the sorption properties with respect to Pb?", Cr3*, and
Fe’" ions was shown [10], as well as the possibility of
phase transformations in the presence of background

electrolytes in solution [11].

This work is aimed at studying the physicochemical
patterns of the behavior of individual calcium and
magnesium phosphates and products of phosphating
of natural dolomite in aqueous solutions of various
compositions.

EXPERIMENTAL

The following reagents were used as the objects
of study: calcium hydrogen phosphate dihydrate
CaHPO,-2H,0, tricalcium phosphate Cas(PO,),,
hydroxyapatiteCa,,(PO,)s(OH),, magnesium ammoni-
um phosphate hexahydrate MgNH,PO,-6H,0, as well
as Ca-Mg hydrogen phosphates with the composition
Ca, sMg, ;HPO,2H,0 (PD-1) and Ca-Mg phosphates
with an admixture of magnesium ammonium phos-
phate hexahydrate MgNH,PO,-6H,O of composition
Ca, 6sMg3(NHy); 3(PO4)4(CO3)g3-6H,0 (PD-2).
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Individual phosphates were synthesized according
to classical techniques [12]: sorbents PD-1 and PD-2,
by phosphating of heat-treated dolomite [13]. For the
synthesis of the above phosphates and for the preparation
ofelectrolyte solutions the following reagents were used:
CaCl, (reagent grade) (Reakhim JSC), (NH,),HPO,
(reagent grade) (Reakhim JSC), aqueous ammonia
solution (25 wt %, reagent grade) (Reakhim JSC),
H;PO, (65 wt %, reagent grade) (Reakhim JSC), HNO,
(65 wt %, reagent grade) (Reakhim JSC), NaCl (reagent
grade) (Reakhim JSC). The pH of the working solutions
was adjusted by adding 0.1 M HNO; solutions and a
0.1 M NaOH primary standard (Uralkhiminvest LLC).

The hydrolytic stability of these phosphates was
studied:

— at the ratio of the distilled water volume (pH 5.8)
to the sample weight V/m of 250 and 500 mL/g and the
contact time 48 h;

— at pH of solutions in the range of 3.0-12.0 (V/m =
500 mL/g, contact time 48 h);

— in the presence of electrolytes 0.01 and
1.0 M NaCl, 0.001 and 0.01 M CacCl,, prepared from the
corresponding reagents at }/m = 500 mL/g and pH 6.0;

— at a variable contact time (1.0, 3.0, 5.0, 8.0,
24.0, and 48.0 h) of the PD-1 and PD-2 sorbents with
solutions, at pH 3.0 and 10.0 and V/m = 500 mL/g.

A weighed portion of phosphates was poured with
distilled water or an electrolyte solution, kept at room
temperature with periodic stirring. After the specified
time, the solution was filtered on “blue ribbon filter”
paper. The precipitate was dried in air, first at room
temperature, then at 65°C until constant weight. X-ray
phase analysis was performed on a DRON-3 device
(CuK, radiation). The phase identification of the
samples under study was carried out using the JCPDS
PDF2 X-ray powder standards database.

The hydrolytic stability was assessed by the change
in the pH of solutions in the course of their interaction
with phosphates, by the content of PO;~, Ca?*, Mg?*
ions in the solution, and the total concentration of Ca%"
and Mg”" ions. The degree of hydrolysis by phosphate
ions (/p) and by cations (Aq,) was calculated using the
formulas:

hp = mp/Mpx 100%, (1)

hCat = mCat/MCat X 100%, (2)

where mp/M is the ratio of the amount of phosphate
ions passed into the solution (mmol g') to the content

of phosphate ions in the sorbent (mmol g1); mc,/Mc,, is
the ratio of the number of Ca*, Mg?" or (Ca*" + Mg?")
cations transferred into the solution (mmol g™!) to their
content in the sorbent (mmol g!).

The concentration of PO;~ ions was determined
by the photocolorimetric method for determining the
phosphorus-molybdenum complex (maximum light
absorption at a wavelength of 690 nm), formed by the
interaction of phosphate ions in an acidic medium with
ammonium molybdate. The concentration of Ca®>" and
Mg?" ions was found by complexometric titration at
pH 10.0 in the presence of the indicator Eriochrome
Black T.

RESULTS AND DISCUSSION

Hydroxyapatite, tricalcium phosphate, and calcium
hydrogen phosphate significantly exceed magnesium
ammonium phosphate and mixed phosphates PD-1 and
PD-2 in term of hydrolytic stability in aqueous solutions
(Fig. 1). Thus, the degree of hydrolysis of magnesium
ammonium phosphate at V/m = 500 mL/g reaches
hey = 19.2% and hp = 21.2%, and 22.1% and 25.7%,
respectively, for sample PD-1. Under these conditions,
hcy of calcium phosphates varies in the range 0.8—
2.1%, hp, in the range 2.0-4.9%. The high degree of
hydrolysis of PD-1 is due to the presence of magnesium
hydrophosphate in its composition [solubility product
(SP) 7.6 x 1073], since calcium hydrogen phosphate (SP
2.7 x 1077) is less soluble. The hydrolysis of the PD-2
sample is due to the presence of magnesium phosphate
and magnesium ammonium phosphate, which are more
soluble than calcium phosphate. In terms of hydrolytic
stability, the studied samples are ranked in the following
order:

Ca,(PO,)s(OH), > CaHPO,
= Cay(PO,), > PD-2 > MgNH,PO, > PD-1. 3)

When sorbents interact with water at pH 5.8, in all
cases, the concentration of phosphate ions transferred
into the solution exceeds the concentration of cations.
Therewith, the ratio (Ca?* + Mg>")/PO,* in the
initial phosphates is higher than in the solution after
48.0 h-keeping the corresponding samples. A similar
behavior was noted for the samples of Ca-deficient
hydroxyapatite with different molar ratios Ca>"/PO;"
[14]. It was found that with a decrease in the calcium
content in the initial solid phase, the solubility of
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Fig. 1. (a, b) Concentrations of cations and phosphate ions in solution, (c, d) degrees of hydrolysis, (e) molar ratio of cations and
phosphate ions in solution, (f) pH for phosphate samples. (CHP) CaHPO,-2H,0, (TCP) Ca;(PO,),, (HA) Ca,o(PO,)s(OH),, (MAP)
MgNH,PO,-6H,0, (PD-1) Ca, ;Mg, ;HPO,2H,0, (PD-2) Ca, ;sMg3(NHy), 3(PO4)4(CO3), 3-6H,0.

hydroxyapatite in water increased, and the Ca®>/PO;"
ratio decreased. This nonstoichiometric transition of
ions into solution, the so-called incongruent dissolution,
is characteristic of hydroxyapatite [15]. Thus, during
the hydrolysis of the studied calcium and magnesium
phosphates, the dissolution, complexation in the surface
layer and in solution, as well as the deposition of more
stable new phases occur in parallel. This fact must be
taken into account when studying the mechanism of

sorption of metal ions by these phosphates.

The process of hydrolysis of the studied phosphates
is accompanied by an increase in the pH of the solution
(pH > 5.8) (Fig. 1), which is due to the protonization—
deprotonization and complexation on the surface of the
solid phase [Egs. (4)~(7)] and in solution [Egs. (8)-
(10)]:

=OPO,H, 2=0PO,H + H*, (4)
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Fig. 2. (a, b) Concentrations of cations and phosphate ions in solution and (c, d) corresponding degrees of hydrolysis, (e) molar
ratio of cations and phosphate ions passed into solution, and (f) pH at different pH of the initial solutions for phosphate samples.
(CHP) CaHPO, 2H,0, (TCP) Ca3(PO,),, (HA) Ca,((PO,),(OH),, (MAP) MgNH,PO,-6H,0, (PD-1) Ca, ;Mg, ;HPO,-2H,0, (PD-

2) Cay sMg3(NHy); 3(PO4)4(CO3) 5-6H,0.

= CaOH + HOH &2= CaOH} + OH ", (5)
= CaOH; +H,PO, == CaOPO;H™ +H" +H,0,  (6)
=OPO} +Ca’" + HOHe2= OPO,HCa* + OH ™, @

PO} +HOHe= HPO}™ +OH ", ®)
HPO} + HOHe H,PO, + OH ™, ©)
Ca®* + PO} + HOHz=2CaHPO, + OH . (10)

A more significant change in the concentrations
of cations and phosphorus in solution and the degree

of hydrolysis is observed with a change in V/m for
magnesium ammonium phosphate and sorbents based
on phosphated dolomite, while for hydrolytically
more stable calcium phosphates, the effect of V/m is
insignificant (Fig. 1e). An increase in the concentration
of calcium hydrogen phosphate, PD-1, and magnesium
ammonium phosphate practically does not affect the pH
of the solution, and for the rest of the samples it leads to
a slight decrease in pH.

With an increase in the pH of the initial solution (pH,)
from 3.0 to 4.5, the degree of hydrolysis of all studied
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Fig. 3. X-ray patterns. (/) CaHPO,-2H,0, (2) Ca3(POy),, (3) Ca;o(PO4)s(OH),, (4) PD-2 [Ca, sMg3(NH,); 5(PO4)4(CO3), 3-6H,0],
(5) PD-1 (Cay Mg, ;HPO,-2H,0), and (6) MgNH,PO,-6H,0 after keeping in distilled water at (a) pH 3.0, (b) 10.0, and (c) in 0.01 M

CaCl,.

phosphates diminishes (Figs. 2c, 2d). As pH,, increases
from 4.5 to 10.0 for Mg-containing sorbents (magnesium
ammonium phosphate, PD-1, PD-2), there is a plateau on
the curves of changes in the concentrations of cations and
anions and the corresponding degrees of hydrolysis. In
the range of pH 10.0—12.0 for these phosphates, there is
a sharp decrease in the transition of cations into the so-
lution with a significant increase in the concentration of
phosphate ions in the solution. The concentration of Ca?*
cations and phosphate ions in aqueous solutions during
keeping calcium hydrophosphate, tricalcium phosphate,
and hydroxyapatite in the pH, 4.5-12.0 range practically
does not vary and remains close to zero (Figs. 2a—2d).

The change in the molar ratio Cat/PO;~ vs. pH, is
complex (Fig. 2e). General trends for all phosphates can
be distinguished: the maximum values of Cat/PO;~ in a
solution with pH,, 3.0, a plateau for most samples in the
pH, 4.5-10.0 range, and a decrease in Cat/PO;" to zero

at pH, 12.0. At the change in the equilibrium pH vs. pH,,
for calcium and magnesium phosphates there are three
distinct regions: 3.0-4.5, 4.5-10.0, 10.0-12.0. Thus, for
calcium phosphates and PD-1 in the pH, 3.0-7.0 range
and for the samples of magnesium ammonium phosphate
and PD-2 in the pH,, 3.0-9.0 range, the equilibrium pH
value is higher than pH,,. In the range of pH, 9.0-12.0,
the equilibrium pH values are practically equal to pH,
for all studied phosphates (Fig. 2f).

The dependence of equilibrium pH on pH,, charac-
terizes the state of the sorbent surface. The region of
constant equilibrium pH values in the range of pH,, 4.5—
10.0 corresponds to the pH of the point of zero charge
(pzc) pH,, [9], which is important to take into account
at sorption of metal cations from solutions. Upon pH,,.
increasing the studied sorbents form the following series

PD-2 < MgNH,PO, < PD-1< CaHPO,

< Ca;(POy), < Ca;((PO4)c(OH),. (11)

RUSSIAN JOURNAL OF APPLIED CHEMISTRY Vol. 94 No. 5 2021
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Upon contact of calcium and magnesium phosphates
with water at pH,, 3.0-4.5, their phase composition does
not vary (Fig. 3a). A decrease in the intensity of the main
diffraction maxima of phosphate samples is observed
at pH 10.0. A significant decrease in the concentration
of cations in the solution for magnesium ammonium
phosphate may be due to the formation of Mg(OH),
precipitate according to the scheme

MgNH,PO, + 20H" — Mg(OH), + NH," + PO}~ (12)

An increase in the concentration of phosphorus and
the molar ratio of Ca?*/PO3"~ in solution at pH 12.0 as
compared to the initial calcium hydrogen phosphate is
due to the formation of tricalcium phosphate [Eq. (13)]
and hydroxyapatite [Eq. (14)] (Fig. 3b):

3CaHPO, + OH™ — Cay(PO,), + PO} + 2H* + H,0, (13)
10CaHPO, + 20H" — Ca,,(PO,)s(OH), + 4PO3} + 10H".

(14)
(a)
70 - O Water
00.01 M NaCl
60 mO0.] M NaCl
50
X 40 -
< 30 -
o il oom Wl
10
0 _EEIl 1 1 1 1

CHP TCP HA MAP PD-1 PD-2

()
30
O Water
00.001 M CaCl2
20 W0.01 M CaCl2 _
S L
A
~

e e UL

CHP TCP HA MAP PD-1 PD-2

Tricalcium phosphate in a strongly alkaline medium
(pHy, 12.0) transforms into a thermodynamically
more stable phase: Ca-deficient hydroxyapatite of the
composition Ca,,_ (PO, (HPO,),(OH),_,, where x =
0.64 [Eq. (15)], which is proved by a decrease in the
concentration of Ca?" ions and a rise in the concentration
of phosphate ions in solution, as well as by X-ray phase
analysis data (Fig. 3b). As a result of hydrolysis of PD-2
at pH, 10.0, a weakly crystallized Mg,(PO,), 22H,0
phase is formed according to Eq. (16):

10Cay(PO,), + 60H- — 3Ca,((PO,)s(OH), + 2POF", (15)

3MgNH,PO, + 30H" — Mg,(PO,), + 3NH,0H + PO},
(16)

In the presence of 0.01 M NaCl, the degree of
hydrolysis of calcium hydrogen phosphate, tricalcium
phosphate, and hydroxyapatite is less than 5%, which
is close to the degree of hydrolysis in distilled water
(Fig. 4a). As the NaCl concentration increases to
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Fig. 4. (a, c) Degrees of hydrolysis with respect to phosphate ions and (b, d) pH of solutions in the presence of electrolytes (a, b) NaCl
and (c, d) CaCl, for phosphate samples. (CHP) CaHPO,-2H,0, (TCP) Ca;3(PO,),, (HA) Ca,y(PO,)s(OH),, (MAP) MgNH,PO,-6H,0,
(PD-1) Cay ;Mg 3HPO,2H,0, (PD-2) Ca, sMg3(NHy), 3(PO4)4(CO3)q 36H,0.
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1.0 M, the degree of hydrolysis of all phosphates rises
1.5-2 times, except for hydroxyapatite, the degree of
hydrolysis of which in the presence of sodium cations
does not change in the concentration range 0.01-1.0 M.
The hydrolysis of calcium phosphates in NaCl solutions
is accompanied by a slight decrease in the pH of the
solutions (Fig. 4b), which can be described by Eq. (17).
For Mg-containing sorbents, an inverse relationship
occurs due to the peculiarities of hydrolysis, since, unlike
calcium phosphates, both anions and cations undergo
hydrolysis (Figs. 4a, 4b). The degree of hydrolysis of
calcium and magnesium phosphates in CaCl, solutions
decreases in comparison with hydrolysis in distilled
water (Fig. 4c), which is accompanied by a decrease
in the pH of the solution (Fig. 4d). This fact is due to
a decrease in the solubility of phosphates in a CaCl,
solution, the transformation of calcium hydrophosphate
into tricalcium phosphate [Eq. (18)] and of tricalcium
phosphate and Ca-deficient hydroxyapatite into
hydroxyapatite of stoichiometric composition [(Egs.

(19), (20)]:

=OPO,H, + Na* — =OPO;Na™ + 2H", (17)
2CaHPO, + Ca%* — Cay(PO,), + 2H", (18)
3Cay(PO,), + Ca2" + 2H,0 — Ca,((PO,)s(OH), + 2H* ,
(19)
Cayg(PO,)s (HPO,)(OH), , + xCa*" + xH,0
— Ca,((PO,)4(OH), + 2xH". (20)
The composition of calcium hydrogen phosphate
and hydroxyapatite after exposure to a CaCl, solution
does not change, and tricalcium phosphate is partially
converted into hydroxyapatite. PD-1 after contact with
a CaCl, solution is only the CaHPO,-2H,0 phase, with
more intense reflexes of calcium hydrogen phosphate
than in the original sample [Eq. (21)]. A significant
decrease in the intensity of the magnesium ammonium
phosphate peaks is observed for this phosphate and the
corresponding impurity phase in the PD-2 sample, which
also exhibits a broad reflex characteristic of tricalcium
phosphate at 26 about 30° (Fig. 3¢) [Eq. (22)]:

MgHPO, + Ca** — CaHPO, + Mg?*, 21
2MgNH,PO, + 3Ca*"
— Cay(PO,), + 2NH," + 2Mg?" + 3H,0. (22)

The kinetics of hydrolysis was studied for samples
PD-1 and PD-2, produced from natural raw materials
and having the greatest practical value (Fig. 5). The

hydrolysis of these phosphates proceeds at a high rate;
hydrolytic equilibrium is established within 8 and 1 h for
samples PD-1 and PD-2, respectively (Figs. 5a, 5b). The
change in the molar ratios Cat/PO;~ (Fig. 5¢) indicates
the proceeding of chemical processes throughout the
entire contact time of PD-1 and PD-2 with aqueous
solutions at the apparent achievement of hydrolytic
equilibrium (Figs. 5a-5d).

CONCLUSIONS
The studied  calcium  and  magnesium
phosphates are characterized by high hydrolytic

stability in the pH range 4.5-10.0 and, in terms
of hydrolytic stability, are in the following order:
Ca;o(PO,4)s(OH), > CaHPO, = Cay(POy), >
PD-2 [CaysMg3(NH,), 3(PO4)4(CO;)56H,0] >
MgNH,PO, > PD-1 (Cay;Mg,3;HPO,2H,0). In a
strongly alkaline medium at pH 12.0, calcium hydrogen
phosphate is converted into tricalcium phosphate and
hydroxyapatite; and tricalcium phosphate, into Ca-
deficient hydroxyapatite. During the hydrolysis of
these phosphates, nonstoichiometric release of cations
and phosphate anion into the solution (incongruent
dissolution) occurs due to the reprecipitation and
complexation on the surface of the sorbents. The studied
calcium and magnesium phosphates do not undergo
chemical transformations in NaCl solutions. In the
presence of CaCl,, the composition of calcium hydrogen
phosphate and hydroxyapatite does not vary, tricalcium
phosphate is partially converted into hydroxyapatite,
and Mg-containing phases in the samples of magnesium
ammonium phosphate, PD-1 (Ca,,Mg,;HPO,-2H,0),
and PD-2  [Ca, 6sMg3(NHy); 5(PO,)4(CO3)o3°6H,0]
into calcium phosphates. The results obtained on the
behavior of phosphate sorbents in aqueous solutions
can be taken into account when selecting the optimal
conditions for their use in purification of aqueous media
from heavy metal ions and radionuclides.
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